Abstract In Saccharomyces cerevisiae, SAL1 encodes a Ca
Introduction
Mitochondria produce cellular energy by oxidative phosphorylation. The assembly of the oxidative phosphorylation apparatus requires a coordinated expression of both nuclear and mitochondrial genes (TzagoloV and Dieckmann 1990; Attardi and Schatz 1988; Wallace 2005 ). The expression of mitochondrial genes is aVected by a plethora of nuclearencoded genes that are implicated in processes such as mtDNA replication, transcription and translation. In addition, these cellular processes require a continuous supply of substrates from the cytosol. Some of the substrate molecules could directly regulate mtDNA transactions. For instance, recent studies have shown that mtDNA copy number in yeast is regulated by the size of mitochondrial dNTP pools (Taylor et al. 2005) . The ATP level in the mitochondrial matrix is also an important signal, which is sensed by mitochondrial RNA polymerase to activate transcription (Amiott and Jaehning 2006) .
The homeostasis of substrates and regulatory molecules inside mitochondria is ensured by proteins of the mitochondrial carrier family (MCF). The yeast and human proteomes have 34 and at least 65 MCF members, respectively (del Kaplan 2001; Palmieri 2004; Wohlrab 2005) . A typical MCF protein contains about 300-320 amino acid residues, and is predicted to have six transmembrane -helices forming a barrel of pseudo-threefold symmetry with a conspicuous central cavity for substrate translocation (Pebay-Peyroula et al. 2003) . Recently, a subfamily of MCF proteins, called Ca 2+ -binding mitochondrial carriers (CaMC), has been identiWed. CaMC proteins contain a hydrophilic amino-terminal extension of »350 amino acids harboring Ca 2+ -binding EF-hand motifs (del Arco et al. 2000; del Arco and Satrustegui 1998) and are proposed to fulWll their transport function in a Ca 2+ -regulated manner. The prototypical members of the CaMC family are the human citrin and aralar 1 proteins, which have been identiWed as aspartate/glutamate exchangers, which play a role in the urea cycle and the aspartate/malate NADH shuttle system (Palmieri et al. 2001) . Mutations in citrin are associated with adult-onset type II citrullinemia in humans (del Arco et al. 2000) .
Several CaMC proteins have a shorter Ca 2+ -binding domain of »200 residues, as represented by the yeast Sal1 protein. SAL1 (for Suppressor of aac2-lethality) was initially identiWed as a strain-polymorphic gene that maintains the viability of cells disrupted in AAC2, a gene that encodes the major isoform of the adenine nucleotide translocase (Chen 2004) . However, SAL1 does not complement the respiratory deWciency of aac2 mutants. We have proposed that Aac2p is bifunctional. In addition to its function in catalyzing ATP/ADP exchange required for respiratory growth (the R function), it also promotes a novel transport activity essential for cell viability (the V function) in concert with Sal1p. In addition, we have found that an isoform of the yeast adenine nucleotide translocase, Aac1p, is unable to suppress the lethality of sal1 aac2 double mutant, despite the fact that Aac1p is capable of catalyzing ATP/ ADP exchange and complementing the respiratory deWcient phenotype of the aac2 mutant. Aac1p is therefore naturally V ¡ R + , in contrast to Aac2p and Sal1p which are V + R + and V + R ¡ respectively. Although Sal1p cannot replace Aac2p in supporting respiratory growth, it displays signiWcant sequence similarity to adenine nucleotide translocases. This led to the proposal that Sal1p may be a novel type of adenine nucleotide transporter (Robinson and Kunji 2006) . Furthermore, Sal1p has three orthologs in humans, namely SCaMC-1, -2 and -3 (for Short CaMC) (del Arco and Satrustegui 2004), or APC1, APC3 and APC2 (for ATPMg/P i Carrier) (Fiermonte et al. 2004) , respectively. In reconstituted proteoliposomes, SCaMC-1 and -3 have been shown to promote the exchange between ATP, ADP, AMP or ATP-Mg, and phosphate (Fiermonte et al. 2004) . It was assumed that SCaMC-2 may have similar activity. This transport activity is insensitive to carboxyatractyloside (CATR), a speciWc inhibitor of adenine nucleotide translocase. In the present study, we have found that sal1 mutant can be complemented by the human SCaMC-2 protein. The data demonstrate that the loss of Sal1 and Aac2 functions have profound implications for several fundamental processes including mitochondrial protein synthesis, mtDNA stability and the biogenesis of membrane protein complexes. These eVects are not caused by depletion of adenine nucleotides in mitochondria. Mutagenic analysis of AAC2, SAL1 and AAC1 revealed that the structural requirement for the V and R functions can be genetically dissected.
Experimental procedures

Growth media and strains
Complete (YP) and minimal medium (YNB) were prepared with 2% dextrose (D), 2% galactose (Gal), 2% raYnose (Raf), 3% glycerol (G), or 2% lactate (L). Strains used in this study are listed in Table 1 .
Isolation of mitochondria
Crude mitochondria were isolated from cells grown to late exponential phase as previously described (Diekert et al. 2001) . Mitochondria used for HPLC analysis and determination of dATP levels were immediately frozen at ¡70°C after isolation. Those used for nucleotide transport experiments were further puriWed by Histodenz (Sigma) density gradient centrifugation.
Measurement of adenine nucleotide content by HPLC
Preparation of HClO 4 mitochondrial extracts (2-3 mg of proteins) and the determination of nucleotide concentrations were performed as described previously (Giannattasio et al. 2003) .
ATP uptake
Assays for intramitochondrial ATP accumulation were performed at 25°C as previously described (Aprille and Austin 1981) . Mitochondria (0.4 mg of proteins) were added to 0.5 ml of incubation mixture containing 0.6 M mannitol, 2 mM K 2 HPO 4 /KH 2 PO 4 , pH 6.8, 10 mM Tris-maleate, pH 6.8, 5 mM MgCl 2 , 10 mM KCl and 0.1% ethanol, with or without 5 M carboxyatractyloside (Calbiochem) and CaCl 2 . Twenty-seconds after the addition of mitochondria, 4 mM [8-
14 C]-ATP (»50 nCi/ mol, Amersham) was added. The reaction was stopped after 2 min by the addition of 10 ml ice cold 0.3 M NaCl and was applied to Millipore HNWP Wlters under vacuum. Collected mitochondria were washed with 10 ml of 0.3 M NaCl. The radioactivity retained on the Wlters was counted using scintillation counter LS 6500 (Beckman).
Determination of mitochondrial dATP concentration
The mitochondrial dATP concentrations were determined by an enzymatic assay as previously described (Roy et al. 1999) . Crude mitochondria isolated from cells grown in YPD were extracted with 60% cold methanol ethanol at the protein concentration of 3 mg/ml. Just before use, dried extracts were dissolved in 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 to concentrations that would correspond to 100 mg of proteins/ml. Oligonucleotides p13 (5Ј-TCG-CAGCCGTCCA) and tA (3Ј-AGCGTCGGCAGGTAATA-ATAATAA) were used for the preparation of the primer/ template duplex. dATP determination assays ware performed using unlabelled and labelled duplexes mixed at a 97:3 molar ratio. The polymerase reaction, which was performed for 20 min at 37°C in total volume of 10 l, contained 1.5 pmol of duplex, 5 M dTTP, 10 mM Tris-HCl, pH 7.9, 10 mM MgCl 2 , 50 mM NaCl, 1 mM dithiotreitol, 0.25 U of Klenow fragment, and 1 l of mitochondrial extract. The reaction was stopped by the addition of an equal volume of formamide loading buVer (80% formamide, 10 mM EDTA, pH 8.0, 0.1% xylene cyanol, 0.1% bromophenol blue).
The DNA products were separated by PAGE electrophoresis in 12% polyacrylamide 8 M urea gel. Autoradiography of the gel was performed using phosphorimaging plates and analyzed by a STORM 820 phopshoimager (Molecular Dynamics). Densitometric analysis of each band was performed using ImageQuant software. The amount of dATP in pmol was calculated according to the formula [pmol of primer £ (1 £ PR1 + 2 £ PR2 + 3 £ PR3)]/total signal in lane, where PR1 represents primer elongated for TTA, PR2 for TTATTA and PR3 for TTATTATTATT.
Mitochondrial translation
Mitochondrial translation products were labeled in vivo as previously described (RodeheVer and Shadel 2003; Westermann et al. 2001 ) with minor modiWcations. Prior to labelling, collected cells were suspended to an OD 600 = 6-12 and incubated in YNBGal or YNBD at 30° for 1 h. Mitochondria were isolated as described (Fox et al. 1991) and resuspended in 10 l of sample buVer (40 mM Tris-Cl, pH 6.8, 8 M urea, 5% SDS, 0.1 mM EDTA, pH 7.5, 1% -mercaptoethanol, 0.01% bromophenol blue). Proteins were denatured at 92°C for 2 min, separated by electrophoresis in a 17% SDS-PAGE gel, blotted onto a nitrocellulose membrane and visualized by autoradiography using phosphorimaging plates.
Expression of human SCaMC-1, -2 and -3
The ORFs of the human cDNA clones containing SCaMC-1, -2 and -3 (kindly provided by A. del Arco, Universidad Autónoma, Spain) were ampliWed by PCR and cloned into the vector pRS415-ADH1. The coding sequence of SCaMC-1 corresponds to variant 1 of SLC25A24 in the NCBI database, except that the N-and C-termini are shortened by 6 and 13 amino acids, respectively. SCaMC-2 corresponds to variant A of SLC25A25, and SCaMC-3 matches SLC25A23. When compared to the cDNA clones used by Palmieri's group for in vitro transport assay (Fiermonte et al. 2004 ), SCaMC-1 matches APC1 except for the Wrst 54 residues. SCaMC-3 is identical to APC2 and SCaMC-2 matches APC3 except for the Wrst 53 residues. For the c-Myc tagged variants of the human genes, the epitope was added on their N-terminus and cloned into pRS415-ADH1.
Analysis of transcripts from HS40
For detection of mitochondrial transcripts from the HS40 ¡ genome, [ 32 P]-labeled oligonucleotide 5Ј-GTGCTTTG TATTTATTGAATATTCTGG was used as probe for ori5.
Random mutagenesis of AAC1
Hydroxylamine mutagenesis was performed to introduce random mutations into AAC1. BrieXy, 10 g of the plasmid pCXJ24-AAC2-1 (LEU2), in which the AAC1 coding sequence was placed under the control of the AAC2 promoter, was mixed with 500 l of freshly made hydroxylamine solution (1 M hydroxylamine-HCl, 0.45 N NaOH). After incubation for 20 h at 56°C, the DNA was puriWed on a Quick-Spin column (QIAGEN). The mutagenized plasmids were transformed into CS494-2B on YNBGal medium. Approximately 600 Leu + transformants were screened for the formation of viable colonies on YPD medium. The plasmids in the viable colonies were rescued and re-transformed into CS494-2B to test the ability to complement the V function. The positive plasmids were sequenced to identify the mutations.
Other methods A HIS 6 -tagged truncated SAL1 allele comprising the Wrst 220 codons was expressed in E. coli. The puriWed protein was used to raise a polyclonal antibody in rabbit through a commercial service. For transmission electron microscopy (TEM), cells grown aerobically for 24 h in YPGal + Raf medium were Wxed with glutaraldehyde/KMnO 4 and stained by uranyl acetate as described (Wright 2000) . TEM was performed using JEOL 1200 EX microscope. The aac2 R252I , aac2 R253I , aac2 R254I , sal1 R479I and sal1 R481I alleles were generated by changing the AGA codons for arginine to ATA that codes for isoleucine using site-directed in vitro mutagenesis (Stratagene).
Results
Membrane topology and expression of Sal1p
Sal1p is a bipartite protein. The predicted transmembrane domain is preceded by a 220-residue amino-terminal extension which harbors two recognizable Ca 2+ -binding EF-hand motifs. Sal1 is localized in mitochondria (Cavero et al. 2005) . To determine the membrane topology of Sal1p, we prepared a polyclonal antibody that speciWcally targets the 220-residue N-terminal segment. Like Aac2p and Ilv5p, markers for the inner membrane and matrix proteins respectively, Sal1p is protected from proteinase K digestion in intact isolated mitochondria (Fig. 1a) . The outer membrane protein Mmm1p is sensitive to proteinase K digestion under these conditions. Upon osmotic swelling, both Aac2p and Sal1p became accessible to proteinase K while Ilv5p remains largely intact. The hypersensitivity to proteolysis suggests that Sal1p is an inner membrane protein that likely adopts the conventional N out -C out conWguration on the inner membrane with the Ca 2+ -binding domain facing to the intermembrane space ( Fig. 1b) , as is the case with the human CaMC proteins (Palmieri et al. 2001) . Immunoblot analysis showed that cells grown in media containing glucose, glycerol or galactose maintain a comparable steady state level of Sal1p, indicating that expression of SAL1 is not subject to glucose repression (data not shown). Compared with the wild-type, the sal1 mutant has only a mildly reduced growth rate in complete medium containing a non-fermentable carbon source (data not shown).
Loss of
+ but not ¡ mtDNA in the sal1 aac2 double mutant To evaluate the mitochondrial defects in the sal1 aac2 double mutant, we developed a procedure for preparing cells lacking both Sal1p and Aac2p. After sporulation and dissection of the diploid strain CS277 (sal1-1/sal1-1, +/aac2 ) on YPD, the spores were germinated under anaerobic conditions to derepress AAC3 that encodes a V + R + isoform of adenine nucleotide translocase. Viable meiotic segregants carrying both aac2 and sal1-1 were then returned to aerobic conditions, where they can only divide for »12 generations before a complete cessation of cell division (Fig. 2a) . Examination by electron microscopy revealed that mitochondria from the sal1-1 aac2 double mutant are grossly swollen, deprived of cristae structure and accumulate materials of low electron density in the matrix (Fig. 2b) .
The lack of cristae is reminiscent of phenotypes associated with o and ¡ conditions or with cells impaired in membrane organization (Stevens 1981; Lefebvre-Legendre et al. 2005) . Indeed, Southern-blot analysis failed to detect mtDNA in the aerobically arrested cells lacking both Sal1p and Aac2p (Fig. 2c) . In a parallel experiment, we depleted Aac2p in the strain CS523/3 (sal1 , aac2 , GAL10-AAC2) by repressing the expression of the GAL10-AAC2 cassette in glucose medium and monitored petite formation (Fig. 2d) . After 14 h of glucose repression, over 75% of the cells were capable of forming viable colonies when returned to YPGal. However, 90% of these colonies were petite. Thus, cells lacking both Sal1p and Aac2p are unable to maintain a functional mitochondrial genome, which may consequently aVect cell viability because of the o -lethal nature of aac2 cells (see "Discussion").
A possible explanation for the mtDNA instability is that Sal1p and Aac2p may play a role in maintaining the level of a substrate essential for mtDNA replication. One such candidate molecule is dATP, which is likely imported from the cytosol since yeast mitochondria are not thought to have the ribonucleotide reductase and nucleoside diphosphokinase, enzymes required to convert ADP into dADP and dATP. Using an enzymatic assay, we found no signiWcant diVerence in dATP levels in mitochondria isolated from CS415 (sal1 ), CS341 (aac2 ), CS523/3 (sal1 , aac2 , GAL10-AAC2) and wild-type cells grown in YPD medium (Fig. 3a, b) .
Further evidence excluding a direct role of Sal1p and Aac2p in mtDNA replication came from the observation that cells lacking both proteins are capable of maintaining ¡ mtDNA. By cytoduction, we replaced the wild-type mitochondrial genome in the strain CS523/3 (sal1 , aac2 , GAL10-AAC2) with the 760-bp ¡ mtDNA, HS40 (Parikh et al. 1989 ). The resulting strain, BK18, is viable on YPGal and can stably maintain HS40. After incubation for 16-24 h in YPD, Aac2p was completely depleted (Fig. 3c, upper panel) . Interestingly, in contrast to the + genome, no depletion of the HS40 ¡ genome was observed ( Fig. 3c , middle panel). Sal1p and Aac2p are therefore not required to maintain the ¡ genome.
EVect on mitochondrial protein synthesis
The most common conditions that permit cells to preferentially maintain ¡ but not + genomes are nuclear mutations that aVect mitochondrial transcription and translation (Fangman et al. 1990; Myers et al. 1985; Weislogel and The sal1 aac2 double mutant is unable to maintain + mtDNA. a Anaerobically grown meiotic segregants from CS277/2 (sal1-1/sal1-1+/aac2 ) were streaked onto YPD medium and incubated aerobically for three days. Left half panel growth of a sal1-1 segregant; right half panel growth of a segregant carrying both the aac2 and sal1-1 alleles. b Transmission electron microscopy of aerobically-grown W303-1B (wt), CS341 (aac2 ), CS1345 (+/aac2 , +/sal1 ) segregant (aac2 , sal1 ) and W303-1B 0 ( 0 ). Scale bar 0.5 m; N nucleus, arrowheads mitochondria. c Southern-blot analysis of CfoI-digested total cellular DNA isolated from cells grown aerobically in YPD. Total mtDNA was used as probe. Lane 1 and 2, representative meiotic segregants of CS277/2 carrying both the sal1-1 and aac2 alleles; lane 3, wild type control; lane 4, control. i.c., internal control for DNA loading that results from cross-hybridization of mtDNA probe to nuclear ribosomal DNA. d Petite production and mtDNA levels in CS523/3 (aac2 , sal1 , GAL10-AAC2) upon depletion of Aac2p. Cells were collected after a shift from YPGal to YPD. The frequency of petite colony formation (open circles) was estimated in 3-6 independent cultures for each time point after plating cells onto YPGal. The relative mtDNA copy number (full circles) in two of these cultures was calculated as mtDNA/nuclear DNA ratio estimated by Southern-blot analysis of HaeIII digested total DNA hybridized with probes for mitochondrial 21S rRNA and for the nuclear gene ACT1. Both plots represent average values with average deviations 
Butow 1970). The retention of the HS40
¡ genome in BK18 (sal1 , aac2 , GAL10-AAC2, [HS40]) cells after Aac2p-depletion allowed us Wrst to examine whether mitochondrial transcription is aVected. By Northern-blot analysis, we found that in cells lacking both Sal1p and Aac2p, transcription from the ori5 promoter was initially reduced during incubation in YPD because of glucose repression. The transcripts are more abundant in later time points during incubation and ultimately reach a level comparable to that in the YPGal-grown pre-cultures (Fig. 3c, lower  panel) . Thus, in the sal1 aac2 double mutant, active mitochondrial transcription is retained.
We then tested whether the mitochondrial protein synthesis machinery is aVected in cells in which SAL1 and AAC2 are co-inactivated. Using the strain CS523/3 (sal1 , aac2 , GAL10-AAC2), we simultaneously followed the steady state levels of mitochondrial translation products, mtDNA and mtRNA during Aac2p-depletion. It was found that Aac2p was depleted after 4-6 h of glucose repression. This was followed by the disappearance of mitochondrially encoded Cox2p with a lag of 2-4 h (Fig. 4a) . Loss of the mitochondrial translation product clearly occurs before mtDNA instability which becomes signiWcant only after 10 h of glucose repression (Fig. 2d) . In these cells, COX2 mRNA persisted even after 16 h of cultivation despite a relatively low mtDNA copy number.
[
35 S]-methionine labeling of mitochondrial translation products provided further evidence that co-inactivation of SAL1 and AAC2 aVects mitochondrial protein synthesis. After repression of AAC2 expression for 16 hours in CS523/3 (sal1 , aac2 , GAL10-AAC2), COX2 mRNA levels were moderately reduced (Fig. 4b, lower panel) . However, the incorporation of [
35 S]-methionine into mitochondrial translation products was globally reduced to a barely detectable level (Fig. 4b, upper panel) . Incorporation of [ 35 S]-methionine was severely reduced but remained detectable with mitochondria isolated after depletion of AAC2 expression for 10 h (data not shown).
The possible eVect of Sal1p on mitochondrial protein synthesis was further supported by examining the genetic interactions between sal1 and mutations known to aVect mitochondrial protein translation or biogenesis, even in the presence of a functional AAC2. GGC1 encodes the mitochondrial GTP/GDP exchanger required for GTP homeostasis and protein synthesis (Vozza et al. 2004) . After sporulation and dissection of BK16, heterozygous for both sal1 and ggc1 , the meiotic segregants were replicaplated onto YPGly to test for respiratory competency (Fig. 5a ). We found that both ggc1 and sal1 single mutants are capable of forming colonies, whereas all the double mutants failed to grow.
By dissecting BK16 on complete glycerol medium, we obtained respiratory competent sal1 and ggc1 double mutants capable of retaining mtDNA, which permitted us to measure mtDNA instability and the rate of mitochondrial protein synthesis. In comparison to wild-type, the ggc1 mutant had a signiWcantly reduced translation activity. This ). Mitochondria were prepared from cells grown in YPD after approximately 10 doubling times. Representative 10% polyacrylamide-urea gel with elongated products containing one and two incorporated dATPs. SR, standard reaction with 1 pmole of dATP. b dATP content in mitochondrial extracts calculated after signal quantiWcation. Plot represents average of two independent experiments for each strain, error bars represent average deviations. c BK18 cells grown in YPGal (aac2 , sal1 , GAL10-AAC2, [HS40]) were shifted to YPD. Aliquots were collected in 2 h intervals and subjected to western (upper panel), Southern (middle panel) and northern-blot (bottom panel) analysis for monitoring the level of Aac2p, HS40 mtDNA and mitochondrial transcripts, respectively. The HS40 mtDNA was used as probe for Southern-blot analysis. The probe for Northern analysis is described in "Materials and methods". The transcripts are multiple lengths because the ¡ genome is organized in the form of tandem repeats (Fig. 5b) . The synergistic interaction between sal1 and ggc1 can also be deduced from the mtDNA instability phenotype observed after cultivation in glucose medium. The sal1 mutant has a stable mitochondrial genome, whereas mtDNA stability is signiWcantly compromised in the ggc1 mutant (Fig. 5c ). More importantly, sal1 ggc1 double mutants have much higher levels of petite formation. mtDNA instability in the sal1 ggc1 double mutant is largely suppressed by the introduction of SAL1, but poorly suppressed by the sal1 D62R and sal1 D93R alleles mutated in the Ca 2+ -binding EF-hand motifs (Fig. 5d) , suggesting that the function of Sal1p in maintaining mitochondrial protein synthesis is Ca 2+ -dependent. The sal1 D62R and sal1 D93R alleles have previously been shown to aVect Sal1 function (Chen 2004) . By using a more robust in vivo functional test, we have recently found that the sal1 D62R and sal1 D93R alleles retain a residual Sal1 function in vivo (data not shown). This activity may explain the partial suppression of petite formation in the sal1 ggc1 double mutant.
The genetic interaction with ggc1 suggested that Sal1p, and possibly also Aac2p, aVect mitochondrial protein synthesis by directly importing GTP. However, our epistasis analysis indicated that this is an unlikely scenario. We found that ggc1 , which has a much more severe defect in mitochondrial protein synthesis and mtDNA maintenance than sal1 , is not synthetically lethal with aac2 (data not shown). Thus, SAL1, but not GGC1, is epistatic to AAC2. This suggests that Sal1p and Aac2p do not promote the same transport process as Ggc1p.
sal1 was also found to synergize the defect in mitochondrial protein synthesis or biogenesis in shy1 and mtg1 mutants. Shy1p is required for eYcient synthesis and/or assembly of cytochrome oxidase subunit I. shy1 mutants retain only 10-15% fully assembled and functional cytochrome c oxidase activity (Barrientos et al. 2002; Mashkevich et al. 1997; Nijtmans et al. 2001) . Mtg1p is a putative GTPase that likely functions in the assembly of the large ribosomal subunit in mitochondria. mtg1 mutants exhibit low respiratory activity (Barrientos et al. 2003) . We found that although the shy1 mutant exhibits a detectable growth defect on YPD plates within 3-5 days (not illustrated), it becomes undistinguishable from wild type and sal1 single mutant by forming large red colonies after extended incubation period (Fig. 6a) . However, the shy1 sal1 double mutant forms either light pink or white colonies, which is indicative of a severe respiratory deWciency. Thus, sal1 is synergistic to shy1 for respiratory deWciency. This is further supported by a quantitative assay showing that shy1 sal1 double mutants produce petite colonies at a frequency signiWcantly higher than that for shy1 or sal1 single mutants (Fig. 6b) .
Likewise, we found that mtg1 sal1 double mutants form completely white colonies after dissection on YPD medium, in contrast to mtg1 single mutants that form colonies of light but yet visible pink color (Fig. 6c) . Southernblot analysis showed that mtg1 single mutants have reduced mtDNA levels, whereas mtDNA is undetectable in mtg1 sal1 double mutants (Fig. 6d) . Taken together, these data strongly suggest that loss of Sal1 function further decreases mitochondrial protein synthesis or protein complex biogenesis in ggc1 , shy1 and mtg1 mutants.
Complementation of the sal1 mutant by the human SCaMC-2 protein
The membrane regions of Sal1p display 31-35% sequence identity to those in the human SCaMC-1, -2 and -3 proteins. SCaMC-1 and -3 have been assigned as ATP-Mg/P i exchangers (Fiermonte et al. 2004) . For the complementation A B test, we expressed the three human genes in the strain CS494-2B (sal1-1, aac2 , GAL10-AAC2) in which the sal1-1 allele produces a truncated nonfunctional protein.
The transformants carrying an empty vector failed to form colonies on glucose medium, since AAC2 expression is repressed (Fig. 7a) . We found that the expression of SCaMC-2, but not SCaMC-1 and -3, suppresses cell lethality. SCaMC-2 is therefore a functional homolog of Sal1p. As expected, none of the human proteins supports respiratory growth on medium containing glycerol when introduced into a yeast aac2 mutant strain (but SAL1) (Fig. 7b) , indicating that these proteins do not catalyze ATP/ADP exchange in vivo. The three human genes are all expressed and targeted into mitochondria in yeast (Fig. 7c) .
sal1 aac2 double mutant is not depleted of adenine nucleotides
To test whether the V function is related to the maintenance of adenine nucleotide homeostasis in mitochondria, we directly measured a possible role of Sal1p in ATP import. When isolated mitochondria were incubated in medium containing 2 mM phosphate as a counterion, CATR-sensitive ATP uptake mediated by Aac2p was readily detectable (Fig. 8a) . However, in the presence of CATR, mitochondria from the strains CS415 and BK3 do not exhibit decreased or increased ATP accumulation regardless the presence or absence of Ca 2+ . CS415 carries a null mutation for SAL1 and BK3 overexpresses Sal1p at a level »11-fold higher than that in the wild type (Fig. 8a,  insert) , Thus, Sal1p does not seem to confer a detectable ATP-Mg(ext)/P i (int) exchange activity under these experimental conditions. If Sal1p aVects mtDNA stability and mitochondrial protein synthesis by aVecting the net accumulation of adenine nucleotides, we would also expect a depletion of the nucleotides in the matrix of sal1 aac2 double mutants. To test this, we analyzed mitochondrial adenine nucleotide contents by using a HPLC-based procedure. In contrary to our prediction, we found that mitochondria from CS523/3 (sal1 , aac2 , GAL10-AAC2) grown in YPD accumulate adenine nucleotides, with the total adenine nucleotide content (ANP) 2.2-fold higher than wild-type levels (Fig. 8b) . As CS523/3 is depleted of mtDNA under these conditions, mitochondria from o cells were used as control. A comparable elevation of adenine nucleotide levels was found. This suggests that the noticeable elevation of ANP in the cells lacking both Sal1p and Aac2p may be an attribute of the o conditions. Taken together, our data strongly indicate that there is no adenine nucleotide depletion associated with the Further experiments supported the idea that the V function is likely independent of adenine nucleotide transport. We generated the aac2 R252I and aac2 R253I and aac2 R254I alleles. These arginine residues are equivalent to Arg234, Arg235 and Arg236 in the bovine Ant1, which are conserved across all species. The arginine triplet is proposed to act as a transport switch, with the Wrst two residues facing outside for the binding of adenine nucleotides from the cytosolic side. The third arginine residue faces inside, and is likely required for the binding of nucleotides from the matrix (Pebay-Peyroula et al. 2003 ) (see Fig. 9a ). Mutations to any of the arginine residues lead to a respiratory deWciency (Fig. 9b) and have barely detectable nucleotide transport activity in all possible modes including ADP/ADP, ADP/ ATP, ATP/ADP and ATP/ATP exchanges (Heidkamper et al. 1996) . Interestingly, we found that aac2 R252I and aac2 R253I retain a signiWcant activity in supporting cell viability (or V + ) in the absence of Sal1p (Fig. 9c) . In contrast, aac2 R254I was found to be V ¡ . In place of the Arg252-254 triplet in Aac2p, Sal1p has the Arg479-Thr480-Arg481 motif which is conserved among numerous non-nucleotide transporters (Nelson et al. 1998) . We introduced the R479I and R481I mutations and found that that R481I has little eVect on the Sal1 function, whereas R479I partially retains the capability to support cell growth (Fig. 9d) . Thus, none of these positively charged residues is essential for Sal1 function. Serial dilutions of CS494-2B (aac2 , GAL10-AAC2, sal1-1) expressing SCaMC-1, -2 and -3 from the ADH1 promoter were spotted onto YPGal and YPD. b SCaMC-1, -2 and -3 are unable to complement the respiratory deWciency of aac2 mutant. CS341 (aac2 , but SAL1) cells expressing SCaMC-1, -2 and -3 from the ADH1 promoter were diluted in water and spotted on YPD and YPG. Plates were incubated for 5 days at 30°C before being photographed. c The expression levels and mitochondrial targeting of Myc-SCaMC-1, Myc-SCaMC-2 and MycSCaMC-1 in yeast. Yeast transformants expressing the human genes from the ADH1 promoter were grown in YPD and fractionated into mitochondrial pellet (M) and post-mitochondrial supernatant (PM). Proteins were separated by SDS-PAGE and immunobloted with the anti-Myc antibody. The Aco1 and Pgk1 proteins were used as markers for mitochondrial and cytosolic proteins, respectively
Aac1p partially gains the V function by speciWc mutations in a region putatively controlling substrate entrance from the cytosolic side
We previously reported that unlike Aac2p, the Aac1 isoform of adenine nucleotide translocase, which is otherwise active in promoting ADP/ATP exchange, intrinsically lacks the V function (Chen 2004) . We reasoned that understanding the molecular basis for the diVerence between Aac1p and Aac2p could provide insight into the nature of the V function. Although Aac1p and Aac2p share 78.2% identity in amino acid sequence, the two proteins are most divergent in the Wrst cytosolic loop and the second matrix loop, which are involved in substrate recognition from both sides of the membrane. Using an in vivo functional assay, we found that conversion of these regions of Aac2p to those found in Aac1p does not reduce the V function of Aac2p (data not shown). This suggests that these regions are not essential for the V function. We subsequently constructed the two chimeras, Aac1
1¡183
-Aac2 193¡318 and Aac2
1¡192
-Aac1 184¡309 , each containing three trans-membrane domains of Aac1p and Aac2p on the N-or C-termini respectively. Interestingly, both chimeras retained partial activity for the V function (Fig. 10a) . Therefore, it appears that both moieties of Aac2p contribute to the V function.
In a reciprocal approach, we randomly mutagenized AAC1 under the control of the AAC2 promoter and screened for mutants that may gain the V function. We identiWed the P89L and A96 V mutations that confer partial but signiWcant activity to Aac1p in supporting cell viability in the absence of both Aac2 and Sal1p (Fig. 10b) . Intriguingly, these two alleles severely reduce the R function as manifested by decreased growth on glycerol medium (Fig. 10c) . Thus the gain of V function appears to occur at the expense of the R function. Pro89 and Ala96, equivalent to Pro82 and Ala89 in bovine Ant1, are located in a region that acts as a gate for substrate entrance from the cytosolic side (see Fig. 9a , discussed as follows).
Discussion
We investigated how Sal1p, the only identiWed CaMC protein in yeast, acts in concert with the Aac2 isoform of the adenine nucleotide translocase to promote mitochondrial biogenesis. These two proteins were found to be required for the maintenance of a functional mitochondrial genome. The inability to maintain the mitochondrial genome provides a plausible explanation for the lethality of the sal1 aac2 double mutant. Yeast aac2 cells are known to be intolerant to o / ¡ conditions (Kovacova et al. 1968) , because in the absence of an active electron transport chain, the electrogenic exchange between cytosolic ATP 4-and matrix ADP 3-catalyzed by Aac2p is required to maintain the electrochemical gradient across the mitochondrial inner membrane and for cell viability (Giraud and Velours 1997; Kominsky et al. 2002; Chen and Clark-Walker 2000) . Thus, o / ¡ -lethality may be responsible for the lethal phenotype associated with the co-inactivation of SAL1 and AAC2.
How might Sal1p and Aac2p aVect mtDNA stability? Although mutations in a plethora of genes can aVect the stability of the mitochondrial genome, only a subset is essential for mtDNA maintenance. These genes include those directly involved in mtDNA replication, transcription, translation and mitochondrial morphogenesis (Chen and Butow 2005; Contamine and Picard 2000; Scott et al. 2003) . As the HS40 ¡ genome can be stably maintained in cells lacking both Sal1p and Aac2p, it is unlikely that the two proteins directly aVect the levels of nucleotide precursors essential for mtDNA replication. We also showed that mitochondria from sal1 aac2 double mutants maintain a wild-type level of dATP, which is thought to be imported from the cytosol in yeast. Furthermore, we demonstrated that mitochondrial transcripts from ori5 in the HS40 ¡ genome remain robust in cells lacking both Sal1p and Several lines of evidence support the idea that Sal1p and Aac2p aVect the accumulation of mitochondrial translation products. First, co-inactivation of SAL1 and AAC2 leads to a reduction of mitochondrial translation products before the loss of mtDNA and mtRNA becomes noticeable. This observation suggests that mitochondrial protein translation is severely impaired, or that the translation products are rapidly degraded. Pulse-chase experiments showed a slightly reduced, rather than accelerated turnover of mitochondrial translation products in aac2 sal1 double mutants, compared with the single mutants or wild type cells (data not shown). Thus, the loss of translation products is likely caused by defects in protein synthesis. Secondly, the loss of Sal1 and Aac2 functions destabilizes + but not ¡ mtDNA. By an as yet not fully understood mechanism, a preferential eVect on the stability of + versus ¡ mtDNA is a phenotype consistently associated with conditions compromising mitochondrial protein synthesis (Myers et al. 1985; Weislogel and Butow 1970) . Finally, our genetic experiments clearly demonstrate that sal1 exacerbates the respiratory deWciency and mtDNA instability phenotypes of the ggc1 and mtg1 mutants, which are known to partially compromise mitochondrial protein synthesis. In the case of ggc1 , which aVects mitochondrial GTP homeostasis required for protein translation, the genetic interaction with sal1 was validated by a synergistic defect in the incorporation of [ 35 S]-methionine into mitochondrial translation products. We speculate that Sal1p may directly promote the transport of a substrate required for mitochondrial protein synthesis. Alternatively, Sal1p and Aac2p may be implicated in a fundamental process in mitochondrial biogenesis, which secondarily aVects protein synthesis and mtDNA stability. In fact, in yeast, mitochondrial translation requires a coordinated assembly of mt-ribosomes and coupled transcription and translation at the mitochondrial inner membrane (Fox 1996; Bryan et al. 2002; RodeheVer et al. 2001) . In addition to translational activators that are directly required for eYcient translation of speciWc mRNAs (Barrientos et al. 2004; Fox 1996; Krause et al. 2004; Green-Willms et al. 2001; Steele et al. 1996) , defects in other processes and aac2 R254I respectively and the transformants were tested for respiratory growth on YPGly. c aac2 R252I and aac2
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Sal1p is closely related to the human SCaMC-1, -2 and -3 proteins. SCaMC-1 and -3 transport adenine nucleotides by exchange with phosphate and several other substrates (Fiermonte et al. 2004) . The closely related SCaMC-2 is assumed to have a similar transport activity. A Ca 2+ -dependent ATP-Mg(ext)/P i (int) exchange activity has been proposed to be necessary for maintaining the adenine nucleotide pool size in the matrix during mitochondrial proliferation (Aprille 1993 ). An optimal adenine nucleotide level is also required for eVective mitochondrial protein synthesis (McKee and Poyton 1984) . It is speculated that the SCaMC proteins may fulWll such a function in vivo.
This raises the possibility that the yeast Sal1p, together with Aac2p, may be required for the maintenance of adenine nucleotide homeostasis in the matrix, thereby aVecting mitochondrial protein synthesis and other processes. In the present study, only SCaMC-2 was conWrmed to functionally complement sal1 among the three human genes. Although the SCaMC-1 cDNA used in our study is diVerent from the variant used by Fiermonte and co-workers in in vitro transport assays in the Wrst 54 amino acids, the SCaMC-3 variant used in our complementation test is identical to the one which is otherwise active in nucleotide transport (Fiermonte et al. 2004 ). Thus, a plausible explanation would be that only Sal1p and SCaMC-2 have the V function in addition to their activity in promoting ATP-Mg/ P i exchange. As mitochondria lacking both Sal1p and Aac2p are not depleted of adenine nucleotides, it is unlikely that the lethality of the sal1 aac2 double mutant is caused by the loss of adenine nucleotide homeostasis. In the double mutant, additional molecular entities may function to maintain adenine nucleotide homeostasis. In our in organello assays, we were unable to detect any appreciable ATP import activity in isolated mitochondria over-expressing Sal1p, although a rather weak activity to uptake radioactive ATP has previously been reported with wild-type mitochondria in response to high levels of Ca 2+ (Cavero et al. 2005) . We postulate that Sal1p may possess a low nucleotide transport activity in vivo, which is beyond a reproducible detection by in organello assays.
Additional experiments support the notion that the V function of Aac2p and Sal1p is independent of adenine nucleotide transport. We found that the aac2 R252I and aac2 R253I alleles, having a nucleotide transport activity as low as 1-6% of the wild type protein (Heidkamper et al. 1996) , retain signiWcant V function activity. In this regard, it may be argued that the residual transport activity is suYcient for maintaining cell viability. However, we demonstrated that the P89L and A96 V mutants of the naturally occurring V ¡ R + Aac1p isoform gain a signiWcant activity in the V function at the expense of the R function (i.e., adenine nucleotide transport). Furthermore, Sal1p mutated in Arg479 and Arg481 in the RTR motif remains functionally active in vivo. The equivalent arginine triplet in all known adenine nucleotide transporters is essential for adenine nucleotide transport. Thus, it remains possible that like Aac2p, Sal1p is also bifunctional.
Another relevant observation is that the gain-of-function mutations in Aac1 occur at Pro89 and Ala96. Although Pro89 is conserved among approximately half of the 34 members of mitochondrial carriers, Ala96 is speciWc to adenine nucleotide translocases with a few exceptions (Nelson et al. 1998 ). These two amino acids are located at the cytosolic end of the transmembrane domain 2 (see Fig. 9a ), in which several amino acids face to the substrate translocation pathway in the crystallized bovine Ant1 
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-Aac1 184¡309 from the AAC2 promoter were spotted onto YPGal (Galactose) and YPD (Glucose). b Serial dilutions of CS494-2B transformants expressing aac1 P89L and aac1 A96 V from the AAC2 promoter were spotted onto YPGal and YPD. c aac1 P89L and aac1 A96 V are partially respiratory deWcient. CS341 (aac2 , but SAL1) cells expressing aac1 P89L and aac1 A96 V were diluted in water and spotted on YPD and YPGly (Glycerol) (Pebay-Peyroula et al. 2003) . This particular region undergoes dynamic structural changes during nucleotide transport and has been proposed to contribute to the recognition of substrates from the cytosolic side (Kihira et al. 2004) . Although Pro89 and Ala96 are invariant amino acids in Aac2p, our currently available data favor the model that the P89L and A96 V mutations confer or increase the capability of recognizing a novel substrate other than ATP and ADP from the cytosolic side. Transport of multiple substrates by mitochondrial carriers is a rather common phenomenon. For instance, the human ATP-Mg(ext)/P i (int) exchangers, SCaMC-1 and -3, are capable of mediating transport of a wide range of substrates that include adenine nucleotides, P i , 3Ј-AMP, 3Ј,5Ј-ADP, deoxyadenine nucleotides, GMP, GDP and TDP, among others (Fiermonte et al. 2004) . As Pro89 and Ala96 in Aac1p face to the interface with the phospholipid bilayer, it remains an open question whether or not the transport activity associated with the V function is dependent on the central nucleotide translocation pathway that implicates Arg252 and Arg253. Adenine nucleotide translocase has been previously linked to several activities unrelated to nucleotide exchange, which include membrane uncoupling via the proton conductance on the protein-phospholipid interface and co-transportation of fatty acid anions (Brand et al. 2005; Brustovetsky and Klingenberg 1994) .
In summary, our data demonstrate a role of the evolutionarily conserved Ca 2+ -dependent proteins of Sal1-family and Aac2p in supporting several fundamental processes including mitochondrial protein synthesis and mtDNA stability. These eVects are likely through an activity other than adenine nucleotide transport. Identifying the nature of this novel activity remains a challenge for future studies. Sal1p, together with other SCaMC proteins, provide an interesting link between cellular Ca 2+ -signalling and mitochondrial function. In mammals, it is known that direct Xux of cytosolic Ca 2+ into mitochondria stimulates the rate of NADH production and ATP output by the allosteric activation of matrix dehydrogenases (McCormack et al. 1990) , so that energy production is synchronized with the energy demands of Ca 2+ -activated processes in extramitochondrial compartments. The Sal1-family of proteins therefore provides an example in which cytosolic Ca 2+ could aVect mitochondrial function by processes other than the activation of metabolic dehydrogenases. This novel pathway does not involve a direct inXux of Ca 2+ into the organelle but is essential for mitochondrial biogenesis. On the other hand, our Wnding of the bifunctionality of Aac2p could also have implications for fully understanding the biology of the adenine nucleotide translocase, especially when considering the fact that this evolutionarily conserved protein not only contributes to oxidative phosphorylation, but also plays an important role in cell death in higher eukaryotes.
